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area	being	used	 for	 commercial	 forestry.	Due	 to	 an	 increasing	demand	 for	 timber	but	 restrictions	
regarding	 the	 expansion	 of	 plantation	 area,	 the	 country	 is	 expected	 to	 experience	 a	 shortage	 of	
softwood	 supply	 for	 saw	 logs	 in	 the	 near	 future.	 The	 predominant	 hardwood	 species	 Eucalyptus	
grandis	is,	despite	good	strength	and	stiffness	properties,	at	present	for	the	most	part	used	for	wood	
chip	or	pulp	and	paper	production.	 This	 is	mainly	owing	 to	growth	 stresses,	 splitting,	 and	 the	 low	
dimensional	stability	of	the	wood,	which	therefore	could	not	comply	with	the	requirements	of	the	
South	African	national	 standard	 for	 sawn	eucalyptus	 timber	 (SANS	1707-1	2010).	As	wood	defects	
often	develop	or	aggravate	during	the	drying	stage,	the	edge-bonding	of	Eucalyptus	grandis	lumber	in	
its	 wet	 state	 was	 considered	 to	 possibly	 inhibit	 this	 behaviour.	 This	 study	 consisted	 of	 two	
experiments.	 In	 the	 first	 experiment	 shear	 tests	were	 used	 to	 determine	 the	 influence	 of	 various	
material	and	processing	variables	on	the	bonding	quality	of	green	Eucalyptus	grandis	wood	with	a	
moisture-curing	 one-component	 polyurethane	 adhesive.	 The	 experimental	 design	 for	 this	
investigation	 comprised	 16	 groups	 with	 different	 combinations	 of	 parameters	 for	 wood	 density,	
moisture	content,	adhesive	spread	rate	and	pressure.	Ten	samples	per	group	were	tested	for	shear	
strength.	 The	penetration	behaviour	 of	 the	one-component	 polyurethane	 adhesive	 into	 the	wood	




around	 fibre	 saturation	point,	which	 could	be	 linked	 to	 an	enhanced	adhesive	penetration.	 In	 the	
second	experiment	the	potential	of	edge	gluing	green	Eucalyptus	grandis	boards	before	kiln	drying	in	
order	to	inhibit	the	development	of	certain	wood	defects	was	investigated.	Edge-glued	panels	were	





Eucalyptus	 grandis	 lumber	 before	 kiln	 drying	 could	 not	 decrease	 the	 number	 of	 board	 rejections	
according	 to	 the	 SANS	 1707-1	 (2010)	 requirements	 for	 sawn	 eucalyptus	 timber.	 Cup	 could	 be	
significantly	decreased,	while	twist	was	only	reduced	for	boards	without	pith.	Stress-relief	grooves	did	
not	have	a	significant	 influence	on	the	development	of	any	of	 the	 investigated	defects	but	caused	
severe	deformation	and	damage	in	some	of	the	boards.	Further	investigations	should	be	carried	out	
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In	 South	 Africa	 only	 about	 1%	 of	 the	 total	 land	 area	 is	 used	 for	 commercial	 forestry.	 These	
approximately	 1.27	 million	 ha	 of	 forest	 plantations	 are	 mostly	 composed	 of	 Pinus	 (51%)	 and	









sawn	 timber	 prices	 within	 the	 country	 and	 thus	 decreased	 competitiveness	 on	 the	 international	
market.	South	Africa	may	therefore	become	a	net	importer	of	timber,	which	would	have	a	negative	
impact	on	many	forestry	subsectors,	such	as	the	sawn	lumber	industry.	Although	the	forestry	sector	
produces	 only	 about	 1%	 of	 South	 Africa’s	 gross	 domestic	 product	 (GDP),	 it	 is	 considered	 very	





2013,	 DAFF	 2015).	 This	would	 not	 only	 add	more	 value	 to	 the	 product	 but	 also	 create	 additional	
employment	possibilities	within	 the	country	due	 to	an	 increased	 labour	 intensity	compared	 to	 the	
pulp	 sector	 (DAFF	 2012).	 With	 approximately	 270	 000	 ha	 of	 plantation	 area,	 the	 fast-growing	
Eucalyptus	grandis	is	the	predominant	hardwood	species	in	South	Africa	(DWAF	2009).	Several	million	
tons	 of	 Eucalyptus	 grandis	 chips	 are	 exported	 annually	 (Chamberlain	 et	 al.	 2005),	 which	 could	






















systems.	 Besides	 economic	 advantages	 due	 to	 an	 altered	 production	 flow,	 certain	 products,	 e.g.	
finger-jointed	 lumber,	 turned	 out	 to	 be	 superior	 in	 quality	 to	 the	 dry-wood	 bonded	 equivalents	
(Sterley	 2004,	 Källander	 et	 al.	 2008).	 At	 the	 time	 of	 this	 study	 no	 research	 on	 green	 edge-glued	
Eucalyptus	grandis	lumber	was	available	to	the	author’s	knowledge.	It	was	therefore	necessary	to	gain	
knowledge	 of	 the	 adhesion	 behaviour	 between	 Eucalyptus	 grandis	 wood	 and	 one-component	







1. To	 determine	 how	 different	 material	 and	 processing	 variables	 (wood	 density,	 moisture	




























































In	 South	 Africa	 only	 about	 1%	 of	 the	 total	 land	 area	 is	 used	 for	 commercial	 forestry.	 These	
approximately	 1.27	 million	 ha	 of	 forest	 plantations	 are	 mostly	 composed	 of	 Pinus	 (51%)	 and	












country	 due	 to	 an	 increased	 labour	 intensity	 compared	 to	 the	 pulp	 sector	 (DAFF	 2012).	 With	
approximately	270	000	ha	of	plantation	area,	the	fast-growing	Eucalyptus	grandis	is	the	predominant	
hardwood	species	 in	South	Africa	 (DWAF	2009).	Unseasoned	and	finger-jointed	Eucalyptus	grandis	




either	 originate	 or	 aggravate	 during	 the	 drying	 stage,	 the	 edge	 gluing	 of	 several	 sawn	Eucalyptus	
grandis	boards	before	kiln	drying	was	considered	to	possibly	reduce	the	development	of	the	so-called	
“drying	defects”.		
The	 gluing	 of	wet,	 unseasoned	 lumber	 above	 fibre	 saturation	point	 is	 often	 referred	 to	 as	 “green	
gluing”	 and	 has	 been	 investigated	 over	 the	 past	 decade	 with	 a	 variety	 of	 wood	 species	 (mostly	
softwoods)	and	adhesive	systems.	Besides	economic	advantages	due	to	an	altered	production	flow	
(Sterley	2004)	and	the	potential	of	adding	value	to	lower	grade	timber	by	lamination	(Serrano	et	al.	





an	 increased	 bonding	 strength	 of	 polyurethane	 (PUR)	 adhesives	 compared	 to	 phenol-resorcinol-
formaldehyde	(PRF)	and	melamine-urea-formaldehyde	(MUF)	adhesives	and	proving	the	feasibility	of	
green	gluing	with	PUR	adhesives	and	high-density	species,	 respectively.	 In	order	 to	 investigate	 the	









The	objective	of	 this	study	was	to	determine	the	 influence	of	material	variables	 (basic	density	and	











grandis	 the	 most	 commercially	 planted	 eucalypt	 worldwide	 among	 more	 than	 600	 different	
Eucalyptus	species	(Sánchez	Acosta	et	al.	2008,	McMahon	et	al.	2010).		
Eucalyptus	grandis	 trees	can	be	 found	up	to	an	altitude	of	2	700	m	and	are	able	 to	grow	within	a	
temperature	range	from	-1	to	40	˚C	and	100	up	to	1	800	mm	mean	annual	rainfall	(Orwa	et	al.	2009).	
In	 South	 Africa,	 industrially	 used	 Eucalyptus	 grandis	 trees	 are	 almost	 exclusively	 cultivated	 on	
commercial	plantations,	of	which	about	82%	are	 certified	by	 the	Forest	 Stewardship	Council	 (FSC)	





like	 flooring,	 furniture	 and	 other	 internal	 applications	 were	 produced	 from	 the	 wood	 since	 then	
(McMahon	 et	 al.	 2010).	 However,	 the	 utilisation	 of	Eucalyptus	 grandis	 sawn	 timber	 for	 structural	
purposes	 is	 relatively	 rare.	This	 is	mainly	due	 to	 its	 tendency	 to	check	and	split	as	well	as	 the	 low	
dimensional	stability	of	the	wood,	which	causes	the	boards	to	warp	extensively	and	hence	could	not	





of	 utilisation	 as	 wood	 properties	 can	 be	 homogenised,	 products	 with	 desired	 dimensions	 can	 be	





Wood	 is	 a	 porous	 material	 and	 thus	 allows	 liquid	 resin	 to	 penetrate	 into	 its	 cellular	 structure.	
Eucalyptus	grandis	as	a	hardwood	consists	of	parenchyma,	fibres,	tracheids	and	vessels	and	compared	
to	plantation	pine	species	in	South	Africa	is	generally	higher	in	density	(Crafford	2013),	which	is	mainly	
attributed	 to	 the	 thicker	 cell	 walls	 and	 smaller	 lumina	 (Dinwoodie	 2000).	 The	 lower	 porosity	 of	




























through	 porous	 end	wall	 plates.	 Significantly	 lower	 is	 the	 permeability	 in	 both	 the	 radial	 and	 the	
tangential	 direction.	 Radial	 flow	 occurs	 by	 the	 way	 of	 rays,	 whereas	 the	 fluid	 conduction	 in	 the	
tangential	direction	depends	on	the	existence	of	pits	 to	connect	the	different	cell	 types	present	 in	
hardwoods.	The	permeability	is	generally	increasing	from	the	centre	to	the	outer	sapwood	of	a	tree,	















the	only	way	 for	 the	glue	 to	move	deeper	 into	 the	wood	structure	might	be	by	 the	way	of	 vessel	

















secure,	 reliable	 and	 versatile	 alternative	 to	 conventional	 systems	 such	 as	 melamine-urea-
formaldehyde	 (MUF)	 and	 phenol-resorcinol-formaldehyde	 (PRF).	 This	 is	 not	 least	 due	 to	 the	
introduction	of	European	standards	concerning	specific	requirements	and	test	standards	for	adhesive	






due	 to	 a	 high	 crosslink	 density.	 A	more	 elastic	 bondline	 can	 reach	 a	 higher	 fracture	 strength	 and	









surrounding	air.	 This	 reaction	creates	amines	and	carbon	dioxide,	with	 the	 latter	one	 foaming	 the	
glueline	and	hence	entailing	the	risk	of	cavities	in	the	bond	but	also	providing	the	glue	with	its	“gap-
filling”	properties	(Sterley	2004).	


































when	wood	 is	neither	 losing	nor	gaining	moisture.	The	actual	moisture	content	 (MC)	of	a	piece	of	


















applies	particularly	 for	moisture-curing	adhesive	 systems,	 such	as	1C	PUR,	which	employ	water	as	
second	 component	 to	 react	 and	 thus	 differ	 considerably	 from	 aqueous	 or	 formaldehyde-based	
adhesives.		
The	following	section	summarizes	material	and	processing	variables	which	have	to	be	considered	for	







wood	 density,	 as	 it	 is	 common	 for	 hardwood	 species,	 is	 generally	 correlated	 with	 enhanced	
mechanical	properties,	viz.	strength	and	stiffness	of	the	material.	In	terms	of	bonding	quality	 it	can	
however	 lead	 to	 increasing	 delamination,	 as	 fewer	 cavities	 provide	 less	 space	 for	 the	 adhesive	 to	












According	 to	 Sterley	 (2012),	 1C	 PUR	 adhesives	 are	 able	 to	 penetrate	 the	 cell	 structure	 of	 wet	
softwoods	 up	 to	 twice	 as	 deep	 as	 compared	 to	 dry	 material.	 Due	 to	 the	 higher	 absorption,	 an	
increased	adhesive	spread	rate	should	be	employed	as	recommended	for	dry-wood	applications	by	







avoid	damage	of	 the	wood	 structure,	which	has	decreased	 strength	and	 stiffness	properties	 at	 its	
green	state.	Furthermore,	as	Eucalyptus	grandis	is	of	higher	density,	the	glue	can	get	pressed	out	of	
the	 joint	 instead	 of	 into	 the	wood	 structure	when	 high	 pressure	 is	 applied,	 leading	 to	 a	 too	 thin	
bondline.	On	 the	other	hand	a	 lack	of	pressure	can	also	 impair	 the	quality	of	 the	bondline	due	 to	
insufficient	penetration	resulting	in	a	thick	glueline	with	CO2	induced	cavities	(Sterley	2012).	











deep	 enough	 into	 the	 cell	 structure.	 This	 would	 result	 in	 reduced	 mechanical	 interlocking	 and	
consequently	in	decreased	bonding	strength.	Furthermore,	Sterley	(2012)	proposed	that	a	prolonged	

































surrounding	air.	The	temperature	 influences	the	viscosity	of	 the	resin	and,	 if	below	the	demanded	















MC	 it	 gets	more	difficult	 to	 obtain	 a	 clean	 and	 smooth	 surface	of	Eucalyptus	 grandis	wood	 (pers.	
comm.	Ferreira-Netto,	Henkel	SA,	May	2015).	However,	according	to	Gardner	et	al.	(2014)	it	is	not	yet	








adhesive	 products	with	 varying	 formulations	 (i.e.	 viscosity,	molecular	weight	 distribution	 or	 solids	
content)	and	their	possible	effect	on	bonding	strength	were	not	investigated.	
	

















with	 an	 average	 temperature	 of	 15°C	 in	 winter	 and	 28°C	 during	 the	 summer	 months.	 Rainfall	 is	





A	 one-component	 polyurethane	 (1C	 PUR)	 adhesive,	 namely	 “LOCTITE	 HB	 S709	 PURBOND”	
(manufactured	by	Henkel),	was	employed	for	this	study.	According	to	the	manufacturer,	the	product	

















wood	 samples	 (Smith	 1954),	 every	 slice	was	weighed	 in	 its	 green	 state	 immediately	 after	 cutting	
(mass	 A).	 The	 samples	 were	 subsequently	 placed	 underwater	 in	 a	 vertical	 pressure	 vessel	 and	
weighted	in	order	to	stay	submerged	while	several	pressure/vacuum	cycles	between	minus	100	kPa	









1) The	green	MC	of	the	samples	was	calculated	according	to	SANS	1783-1	(2004):	𝑀𝐶+,--. = A − C𝐶 	×100%	
MCgreen	=		 	 Moisture	content	of	sample	at	green	state	 	 [%]	
A	=		 	 	 Weight	of	sample	at	green	state	 	 	 [g]	
C	=		 	 	 Weight	of	sample	at	oven-dry	state	 	 	 [g]	
	
2) The	basic	density	of	the	samples	was	determined	using	the	following	equation	(Smith	1954):	𝐵𝑎𝑠𝑖𝑐	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 1𝐵 − 𝐶𝐶 + 11.53	
Basic	density	=	 	 Density	of	sample	at	oven-dry	state	 	 	 [kg/m3]	
B	=	 	 	 Weight	of	sample	at	completely	saturated	state		 [g]	
C	=	 	 	 Weight	of	sample	at	oven-dry	state	 	 	 [g]	









	 Minimum	 Maximum	 Average	
Green	MC	[%]	 55.0	 62.9	 58.3	






















Regarding	 the	 adhesive	 spread	 rate,	 the	 low	parameter	 value	 (L)	 (150	 g/m2)	 lies	within	 the	 range	
recommended	by	the	manufacturer	for	standard	dry-wood	applications.	A	more	extreme	value	was	









	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	
Wood	density	 L	 L	 L	 L	 L	 L	 L	 L	 H	 H	 H	 H	 H	 H	 H	 H	
Moisture	content	 L	 L	 L	 L	 H	 H	 H	 H	 L	 L	 L	 L	 H	 H	 H	 H	
Spread	rate	 L	 L	 H	 H	 L	 L	 H	 H	 L	 L	 H	 H	 L	 L	 H	 H	












3) Each	strip	was	marked	along	 the	 longitudinal	direction	 to	ensure	constant	arrangement	of	
year-ring	pattern	at	gluing	process	(see	figure	3	and	4).	
4) The	25	mm	wide	wood	strip	was	cut	into	50	mm	long	pieces.	








5) Two	 pieces	 from	 the	 very	 end	 and	 one	 piece	 from	 the	 middle	 section	 of	 the	 strip	 were	











65%	relative	humidity.	The	glued	specimens	were	 left	 in	 the	press	device	 for	20	hours.	By	
strongly	 increasing	 the	 pressing	 time	 from	 recommended	 175	 minutes	 for	 dry-wood	
applications	up	to	20	hours,	varying	press	times	could	be	excluded	as	an	additional	variable	
within	this	study.	
8) Afterwards,	 the	 bonded	 samples	 were	 stored	 in	 a	 conditioning	 room	 until	 they	 reached	
constant	mass	or	equilibrium	moisture	content.	Each	sample	was	marked	with	the	number	of	
the	sample	group	and	every	bondline	was	numbered	from	1	to	12	(see	figure	4).	






































According	 to	 Perold	 (2006),	 the	 exact	 position	 of	 the	 counter	weight	 along	 the	 lever	 arm	 can	 be	
derived	from	the	following	formula:	𝑀D-E-,	F,G	×	9.81	×	𝐿2 	+ 	 𝑀LMN.O-,	P-Q+RO	×	9.81	×	𝑋 	= (𝑃𝐹	×	𝐴	×	𝑌)	
	
Hence:	
𝑋	 = 	 𝑃𝐹	×	𝐴	×	𝑌 	− 	 𝑀D-E-,	F,G	×	9.81	×	𝐿2(𝑀LMN.O-,	P-Q+RO	×	9.81) 	
	
X	=	 	 	 Distance	to	counter	weight	centre	 	 	 [m]	
PF	=	 	 	 Desired	pressure	 	 	 	 	 [Pa]	
A	=	 	 	 Gluing	area	 	 	 	 	 	 [m2]	
Y	=	 	 	 Distance	between	sample	centre	and	fulcrum	centre	 [m]	
Mlever	arm	=	 	 Weight	of	lever	arm		 	 	 	 	 [kg]	
9.81	=	 	 	 Earth’s	gravitational	pull	 	 	 	 [m/s]	
L/2	=	 	 	 Centre	of	lever	arm	length	 	 	 	 [m]	






due	 to	moisture	 loss	 below	 FSP	 and	 as	 a	 consequence	 shrinkage	 of	 the	 wood	material.	 The	 test	
samples,	 containing	 one	 bondline	 each,	 were	 therefore	 cut	 out	 of	 the	 test	 bars	 in	 longitudinal	
direction.	 Each	 sample	 was	 processed	 to	 ensure	 that	 both	 cross	 sections	 (top	 and	 bottom)	 were	
perpendicular	to	the	bondline	so	that	the	pressure	from	the	shear	device	could	be	applied	exactly	on	













4) The	shear	strength	(fv)	for	each	specimen	was	calculated	with	the	following	formula:	𝑓E = 	𝐹N𝐴 	
	
fv	=	 	 Shear	strength	of	tested	sample		 	 	 [N/mm2]	
Fu	=	 	 Ultimate	load	applied	on	tested	sample	 	 	 [N]		
A	=	 	 Sheared	area	(glued	area)	of	tested	sample	 	 [mm2]	
	
	












test	was	 conducted	 according	 to	 SANS	6000	 (2004).	 Therefore	 a	 dimethyl	 yellow-dye	 and	ethanol	
reagent	was	 applied	 on	 the	 cross-sections	 of	 the	 shear	 strength	 specimens.	 Due	 to	 the	 occurring	
difference	 in	 colour	 between	 heartwood	 (becomes	 red)	 and	 sapwood	 (remains	 yellow)	 after	











































 Non-Outlier Range 
 Outliers
 Extremes
Bonding shear test results
Figure	7:	Boxplot	diagram	showing	shear	test	results	for	all	17	sample	groups.	
	





Table	 4:	 Shear	 test	 results	 for	 all	 17	 groups,	 showing	 minimum,	 maximum,	 mean	 and	 standard	
deviation	values	in	N/mm2,	including	summary	of	test	results		
	 1	 2	 3	 3-2	 4	 5	 6	 7	 8	
Min.	 9.3	 11.0	 5.6	 8.6	 8.3	 10.9	 9.4	 9.4	 9.9	
Max.	 12.6	 13.4	 13.3	 10.7	 11.9	 13.2	 12.4	 13.0	 13.2	
Mean	 10.6	 12.2	 10.9	 9.4	 9.9	 11.8	 10.5	 11.1	 11.7	
St.	dev.	 1.1	 0.7	 2.5	 0.8	 1.2	 0.7	 0.9	 1.1	 0.9	
	
	 9	 10	 11	 12	 13	 14	 15	 16	 Summary	
Min.	 10.5	 9.9	 7.5	 6.5	 10.0	 9.3	 10.9	 11.0	 5.6	
Max.	 13.1	 12.6	 13.4	 12.6	 13.4	 13.3	 14.2	 14.8	 14.8	
Mean	 12.1	 11.2	 11.2	 9.6	 12.0	 11.3	 12.8	 12.9	 11.2	
















inevitable	 use	 of	 different	 Eucalyptus	 grandis	 boards,	 and	 the	 consequent	 variations	 in	 material	
properties,	would	have	no	significant	influence	on	the	test	results	of	this	study.		
A	factorial	design	ANOVA	was	carried	out	on	the	test	results	in	order	to	determine	how	the	different	
variables	 wood	 density,	 moisture	 content,	 adhesive	 spread	 rate	 and	 pressure	 as	 well	 as	 the	
interactions	 among	 them,	 influence	 the	 shear	 strength	 of	 the	 bonded	 samples.	 Two	 three-way	
interactions	 (see	 figure	 8	 and	 10)	 were	 found	 to	 be	 significant	 and	 used	 as	 the	 centre	 point	 of	
investigation.	









Density*Moisture content*Press force; LS Means
Current effect: F(1, 154)=6.2970, p=.01313
Effective hypothesis decomposition



















































Another	possible	explanation	 is	on	 the	basis	of	 the	Dent	 theory	 (Dent	1977).	The	surface	sorption	
model	(figure	9)	postulates	that	once	the	cell	walls	are	completely	saturated,	the	free	water	in	the	cell	










The	 better	 shear	 strength	 results	 for	 high-density	 samples	 over	 low-density	 samples	 displayed	 in	












earlier	described	“primary	water	 layer”	 (figure	9)	on	the	cell	walls	 for	enhanced	conduction	of	 the	
adhesive	 into	 the	wood	 structure.	 However,	 since	with	 0.6	 and	 1.0	MPa	 two	 “extreme”	 pressure	
parameters	 were	 investigated,	 it	 might	 be	 that	 the	 best	 results	 could	 be	 achieved	 for	 a	 value	 in	
between.		





Moisture content*Press force*Spread rate; Weighted Means
Current effect: F(1, 154)=10.416, p=.00153
Effective hypothesis decomposition























































For	 the	green	edge-glued	Eucalyptus	grandis	 samples	with	a	MC	clearly	above	FSP,	 the	best	 shear	
strength	 results	 were	 achieved	 with	 a	 high	 adhesive	 spread	 rate	 together	 with	 a	 high	 pressure.	
However,	 since	 in	 an	 industrial	 environment	 the	 MC	 during	 the	 processing	 stage	 of	 green-glued	
materials	usually	varies	and	is	difficult	to	control,	a	lower	spread	rate	might	be	the	safer	option	due	
to	 less	 variation	 in	bonding	 strength,	especially	 in	 the	 case	of	wood	with	a	 lower	MC	around	FSP.	
A	lower	adhesive	spread	rate	will	obviously	also	be	more	preferable	for	timber	processors	from	an	













wood	material,	 whereas	 specimens	with	 poor	 bonding	 failed	 to	 a	 greater	 extent	 on	 the	 glueline.	
Consequently	 the	 obtained	 shear	 strength	 results	 do	 not	 represent	 the	maximum	 strength	 of	 the	
adhesive	but	rather	the	strength	properties	of	the	wood	of	the	samples.		
According	 to	 the	 linear	 regression	the	WFP	with	 regard	 to	 the	shear	strength	can	be	calculated	as	





Wood Failure Percentage vs. Shear Strength
WFP = 48.6839 + 3.2243 x shear strength















































Figure	 13:	 Micro	 CT	 scans	 of	 both	 longitudinal	 sections	 A-A	 (left,	 blue)	 and	 B-B	 (right,	 red)	 with	
highlighted	bondline	(yellow)	and	indicated	adhesive-filled	vessels.	
Both	 scans	 of	 the	 longitudinal	 sections	 show	 that	 penetration	 into	 the	wood	 structure	 took	place	
through	 those	 vessel	 elements	 which	 were	 in	 direct	 contact	 with	 the	 glueline,	 whereas	 adjacent	
vessels	that	were	neither	connected	to	a	filled	vessel	nor	the	glueline	remained	empty	(figure	13).	The	





















contained	markedly	 less	 adhesive	 compared	 to	 the	 first	 sample	with	 the	higher	bonding	 strength.	
Consequently	a	lower	maximum	penetration	depth	of	0.3	mm	was	measured.	
The	variable	parameters	of	the	two	sample	groups	12	and	16	differed	only	in	MC.	Both	samples	were	































The	green	edge-glued	Eucalyptus	grandis	 samples	 tested	 in	 this	 study	showed	high	shear	 strength	
values	clearly	exceeding	the	minimum	requirements	for	CLT	production	as	specified	in	the	EN	16351	





















strength,	 manufacturers	 of	 green-glued	 products	 may	 employ	 a	 lower	 adhesive	 spread	 rate	 for	









































































































































































































In	 South	 Africa	 only	 about	 1%	 of	 the	 total	 land	 area	 is	 used	 for	 commercial	 forestry.	 These	
approximately	 1.27	 million	 ha	 of	 forest	 plantations	 are	 mostly	 composed	 of	 Pinus	 (51%)	 and	












country	 due	 to	 an	 increased	 labour	 intensity	 compared	 to	 the	 pulp	 sector	 (DAFF	 2012).	 With	
approximately	270	000	ha	of	plantation	area,	the	fast-growing	Eucalyptus	grandis	is	the	predominant	
hardwood	species	 in	South	Africa	 (DWAF	2009).	Unseasoned	and	finger-jointed	Eucalyptus	grandis	
sawn	 timber	of	different	age-classes	between	5	and	18	years	was	 investigated	by	Crafford	 (2013).	
Although	 good	 results	were	 obtained	 for	 strength	 and	 stiffness,	 the	 requirements	 for	 sawn	wood	
according	to	the	SANS	1783-2	(2004)	could	not	be	met	as	the	test	boards	exceeded	the	maximum	
values	for	twist	and	checking.	Since	most	wood	defects	either	originate	or	aggravate	during	the	drying	




on	small	 size	specimens	was	conducted	by	 the	author	 (see	chapter	2).	This	 investigation	exhibited	
good	shear	strength	results	for	the	assessed	one-component	polyurethane	(1C	PUR)	bondlines	and	
provided	 information	 regarding	 the	 appropriate	 adhesive	 spread	 rate	 and	 clamping	 pressure	with	
respect	 to	 varying	 wood	 densities	 and	 moisture	 contents.	 With	 this	 knowledge	 being	 available,	
investigations	could	be	carried	out	on	industrial	size	lumber	samples.		





was	 focused	 on	 the	 evaluation	 of	 green	 edge	 gluing	 for	 the	minimisation	 of	 defects	 in	 structural	
lumber,	 the	 possible	 potential	 of	 the	 edge-bonded	 panels	 for	 the	 manufacturing	 of	 mass	 timber	
products	such	as	cross-laminated	timber	(CLT)	or	other	panel-type	products	is	also	a	possibility,	as	the	
manufacturing	of	panels	is	in	any	event	part	of	the	process.	





























16%),	 poles	 (17	 841	ha,	 6%)	 and	 sawlogs	 (13	 816	ha,	 5%)	 (DAFF	2015).	However,	 recent	 research	
showed	that	air-dried	Eucalyptus	grandis	 lumber	could	not	comply	with	the	South	African	national	
standard	for	sawn	eucalyptus	timber	SANS	1707-1	(2010).	This	was	mainly	due	to	the	low	dimensional	

































processing	 stage	 is	 necessary	 since	 mainly	 the	 moisture	 of	 the	 wet	 wood	 is	 used	 as	 the	 second	
component	to	react	with.		
The	specific	1C	PUR	adhesive	used	in	this	study	was	manufactured	by	“PURBOND”	(now	“Loctite”),	
Henkel.	 It	 needs	 to	be	mentioned	 that	 although	quality	 assurance	 testing	on	wet	wood	was	done	









the	 qualities	 that	make	wood	 suitable	 for	 a	 particular	 purpose”.	 Some	defects	 develop	 as	 natural	





















































stress	 gradient	 between	 the	 pith	 and	 the	 cambium	 of	 a	 tree,	 as	 the	 distance	 between	 the	 two	
increases,	but	the	magnitude	of	longitudinal	growth	stresses	on	the	periphery	almost	remains	equal.	














twist	 is	 the	 result	 of	 spiral	 grain.	 In	 the	 case	of	 spring	 it	 is	 believed	 that	 this	 type	of	 deformation	























such	as	 relative	humidity,	 temperature	and	air-flow	can	be	adjusted	during	 the	whole	duration	of	









is	bound	 in	 the	wood	cell	walls.	Since	during	 the	early	 stage	of	drying	 the	MC	at	 the	surface	zone	













the	outer	part	 (shell)	 (see	 figure	2)	 is	 the	cause	of	 the	development	of	so-called	“drying	stresses”.	
These	stresses	are	created	in	the	early	stages	of	drying	as	the	drier	shell	of	a	piece	of	wood	starts	to	












The	drying	 stresses,	which	are	developed	at	 the	early	 stage,	when	 the	 shell	 is	 in	 tension	and	gets	
overstretched,	can	lead	to	the	degradation	of	the	wood	material	in	the	form	of	surface	fractures,	such	










the	core	of	a	board	due	 to	a	 too	high	kiln	 temperature	 in	 the	 later	 stages	of	drying),	 cell	 collapse	
(crushing	 or	 distortion	 of	 wood	 cells	 due	 to	 high	 stresses	 caused	 by	 shrinkage,	 usually	 becoming	
evident	 in	 the	 form	 of	 corrugations)	 and	 warp.	 Besides	 growth	 stresses	 and	 certain	 growth	
characteristics	 such	as	distorted	grain,	 varying	density,	 knots	or	 juvenile	 and	 reaction	wood,	most	
forms	of	warp	are	either	caused	or	at	 least	aggravated	by	 the	 inequality	 in	dimensional	change	of	
shrinking	wood	 (Bergman	2010,	Sterley	2012).	Since	wood	 is	an	anisotropic	material,	 its	change	 in	
dimension	differs	for	the	three	main	anatomical	directions,	namely	longitudinal,	radial	and	tangential.	






the	 cells	 within	 a	 tree	 and	 thus	 the	 comparably	 big	 distance	 between	 the	 fiber	 cell	 walls	 in	 this	
direction,	 and	 second,	 the	 fairly	 vertical	 orientation	 (about	 15	 degrees)	 of	 the	microfibrils	 in	 the	
secondary	cell	wall	(S2),	which	in	case	of	moisture	loss	do	not	shrink	in	length	but	move	closer	together	
(Panshin	 et	 al.	 1964,	 Dinwoodie	 2000).	 This	 is	 also	 a	 reason	 shrinkage	 is	 considerably	 more	
pronounced	in	both	the	radial	and	the	tangential	direction.	Different	proposed	(but	not	yet	proved)	
theories	regarding	the	higher	level	of	shrinkage	in	the	tangential	compared	to	radial	direction	exist	to	
date.	 First,	 the	 presence	 of	 shrinkage-restraining	 wood	 rays	 in	 the	 radial	 direction,	 second,	 the	
different	shrinkage	behavior	between	earlywood	and	latewood,	and	third,	the	poorer	orientation	of	
microfibrils	 and	 increased	 lignification	 in	 radial	walls	 (Time	1998).	 Since	wood	shrinks	more	 in	 the	
tangential	 direction	 than	 in	 the	 radial	 direction,	 the	 sawing	 pattern	 as	 well	 affects	 the	 form	 and	
magnitude	of	shrinkage	of	lumber	boards.	This	is	because	flat-sawn	boards	expose	a	higher	proportion	
of	tangential	surfaces	as	compared	to	quarter-sawn	boards	and	thus	show	a	higher	level	of	unequal	
shrinkage	 (Yasin	 and	Raza	 1992).	 As	 a	 consequence,	 flat-sawn	boards	which	 are	 not	 cut	 from	 the	






Another	 wood	 characteristic	 that	 has	 an	 influence	 on	 the	 drying	 behaviour	 is	 the	 formation	 of	
heartwood.	 Whereas	 for	 very	 young	 trees	 the	 whole	 stem	 (from	 pith	 to	 bark)	 consists	 of	 only	
sapwood,	heartwood	begins	to	form	with	increasing	age.	It	is	created	from	the	core	of	a	tree	outwards	
by	 the	 deposition	 of	 extractives	 in	 the	 cell	 walls	 (accumulated	 by	 the	 neighbouring	 sapwood	
parenchyma	cells)	and	tyloses	clogging	the	vessels	 in	order	to	 increase	durability	and	resistance	to	
insect	and	fungal	attack.	As	opposed	to	sapwood,	which	is	responsible	for	the	water	conduction	within	
a	 living	 tree,	 the	 cells	of	 the	often	darker,	non-conductive	heartwood	are	not	metabolically	active	








can	 consequently	 lead	 to	 damage	of	 the	 laminated	product.	Moreover,	 the	 elevated	 temperature	

























comm.	 Aucamp,	 Biligom	 General	 Manager,	 April	 2016).	 Furthermore,	 the	 Biligom	 boards	 were	




months.	 Rainfall	 is	 predominantly	 found	 in	mid-summer,	 between	November	 and	March,	with	 an	
average	amount	of	approximately	1230	mm	per	year.	The	altitude	of	the	plantations	is	ranging	from	
900	up	to	2000	m	above	sea	level	(pers.	comm.	Bruwer,	Merensky	Forestry	Manager,	March	2016).	
However,	 both	material	 sources	were	 cultivated	on	different	 plantations	 and	 are	 likely	 to	 be	 of	 a	
different	genotype.		
It	 has	 to	 be	 noted	 that	 the	 significant	 differences	 between	 the	 two	material	 sources	 in	 terms	 of	
genotype,	age	and	pre-treatment	(air	drying	and	finger	jointing),	and	hence	the	varying	properties	of	
the	wood,	make	 it	unsuitable	 for	direct	comparison.	However,	 the	author	had	no	control	over	 the	
processing	 of	 the	wood	 that	 was	 carried	 out	 by	 the	 supplying	 companies	 before	 the	 start	 of	 the	











A	 one-component	 polyurethane	 (1C	 PUR)	 adhesive,	 namely	 “LOCTITE	 HB	 S159	 PURBOND”	
(manufactured	by	Henkel),	was	employed	for	this	study.	According	to	the	manufacturer,	the	product	
is	 formulated	 on	 an	 isocyanate	 prepolymer	 basis,	with	 a	 solids	 content	 of	 100%	 and	 a	 density	 of	
1160	kg/m3.	The	particular	product	“HB	S159”	has	an	assembly	time	of	15	minutes	and	a	curing	time	
of	38	minutes	when	applied	on	dry	wood	between	8	and	18%	MC	at	climate	conditions	of	20°C	and	










the	 development	 of	 defects,	 the	 test	 boards	 were	 divided	 into	 four	 groups	 according	 to	 their	
characteristics	 (see	 table	 1).	 The	 abbreviations	 define	 which	 groups	 consisted	 of	 younger,	 finger-
jointed	material	(FJ1)	or	of	older	boards	without	finger-joints	(FJ0).	The	same	applies	for	the	presence	
of	 pith,	with	 P1	 indicating	 a	 group	of	 pith-containing	 boards,	whereas	 P0	 groups	were	 exclusively	
composed	of	non-pith	material.		
An	 additional	 group	was	 created	 from	Merensky	 pith	material,	 in	 order	 to	 determine	 if	 so-called	
“stress-relief	 grooves”	 (see	 figure	 5)	 are	 able	 to	 contribute	 to	 a	 reduction	 of	 defect	 development	
during	kiln	drying.		






their	 characteristics	 (age,	 finger	 jointing,	 presence	 of	 pith	 and	 stress-relief	 grooves),	 showing	 the	
amount	of	edge-glued	panels	produced	and	control	boards	selected	for	each	group	
































from	 the	 same	 source,	 was	 established	 for	 each	material	 group.	 Since	 the	 30	 edge-glued	 groove	

















approximately	 one	 third	 of	 the	 board-width	 from	 the	 edges	 on	 the	 one	 face	 and	 about	 a	
quarter	of	the	board-width	from	the	edges	on	the	other	face	(see	figure	5).	
























6) The	 adhesive	 was	 applied	 on	 four	 board-edges	 at	 a	 time	 with	 a	 manually	 operated	 glue	
applicator	 (“OEST	 Ecopur	 HK”	 with	 “Facetac	 HAV10”,	 see	 figure	 7)	 at	 a	 spread	 rate	 of	
approximately	180	g/m2.	









7) Immediately	 after	 gluing,	 the	boards	were	 clamped	 together	 in	 the	 custom-made	 rotating	
edge	 gluing	 press	 shown	 in	 figure	 8,	 applying	 a	 total	 pressure	 of	 roughly	 0.75	MPa.	 The	
clamping	system	was	designed	and	built	specifically	for	this	project	which	allowed	fairly	rapid	
manual	 assembly	 of	 panels	 for	 the	 fast	 setting	 times	 of	 1C	 PUR	 adhesives.	 In	 order	 to	


































































































the	 board	 from	 the	 even	 level	 can	 be	measured	 at	 the	measuring	 points	 1	 and	 2	 for	 bow	 and	 at	
measuring	point	3	for	twist.		









































wood	 samples	 (Smith	1954).	 For	 the	 latter	one,	 the	 samples	were	placed	underwater	 in	a	 vertical	






normal	 distribution	 and	 homogeneity	 of	 variance	 before	 performing	 a	 factorial	 design	 analysis	 of	
variance	(ANOVA)	on	the	test	results	in	order	to	determine	the	influence	of	the	age	and	finger-jointing	
of	 the	 timber,	 presence	 of	 pith	 material	 and	 edge	 gluing	 on	 the	 development	 of	 the	 various	
investigated	 defects.	 Furthermore,	 t-tests	were	 conducted	 to	 determine	 the	 effect	 of	 stress-relief	














FJ1_P1	 87.8	 9.5	 381.2	
FJ1_P0	 78.2	 9.5	 380.7	
FJ0_P1	 65.3	 9.5	 431.1	
FJ0_P0	 62.9	 9.7	 433.5	
T-test	p-values	 Green	MC	 Air-dry	MC	 Basic	density	
FJ1_P1	vs.	FJ1_P0	 0.22	 0.82	 0.78	
FJ0_P1	vs.	FJ0_P0	 0.38	 0.02*	 0.53	








not	 be	 rejected	 and	 thus	 the	 difference	 in	 green	MC	was	 considered	 to	 be	 due	 solely	 to	 natural	

























finger-jointed	 boards	 (FJ0).	 The	 differences	 in	 density	 could	 be	 due	 to	 genetics,	 management,	
environment	 and	 probably	 also	 the	 increased	 presence	 of	 extractives	 in	 the	 older	 material	 as	
extractives	were	not	removed	before	density	determination.	
	













Check	 Split	 Twist	 Cup	 Bow	
FJ1_P1_EG0*	 13.3	 4	 0	 1	 0	 0	
FJ1_P0_EG0**	 31.0	 3	 2	 3	 1	 0	
FJ0_P1_EG0	 10.0	 3	 0	 0	 0	 0	
FJ0_P0_EG0	 10.0	 1	 2	 0	 0	 0	





Check	 Split	 Twist	 Cup	 Bow	
FJ1_P1_EG1	 26.7	 4	 4	 0	 0	 0	
FJ1_P0_EG1	 20.0	 6	 0	 0	 0	 0	
FJ0_P1_EG1*		 26.7	 3	 2	 3	 1	 0	
FJ0_P0_EG1	 0	 0	 0	 0	 0	 0	
FJ0_P1_EG1_G***	 20.0	 4	 2	 0	 0	 0	



















































FJ1_P1_EG1	 19.3	 33.9	 14.6	 0.7	 5.6	 4.9	
FJ1_P1_EG0	 13.1	 29.2	 16.1	 0.8	 1.8	 1.0	
FJ1_P0_EG1	 41.4	 54.1	 12.7	 0.0	 0.7	 0.7	
FJ1_P0_EG0	 25.5	 33.8	 8.3	 0.6	 2.0	 1.4	
FJ0_P1_EG1	 16.5	 29.0	 12.5	 3.9	 4.7	 0.8	
FJ0_P1_EG0	 12.4	 23.5	 11.1	 4.3	 5.8	 1.5	
FJ0_P0_EG1	 5.3	 7.3	 2.0	 2.2	 3.0	 0.8	
FJ0_P0_EG0	 3.4	 7.5	 4.1	 6.8	 7.2	 0.4	























their	associated	characteristics	 (age,	 finger	 jointing,	presence	of	pith)	as	well	as	 the	edge	gluing	of	
green	Eucalyptus	 grandis	 boards	 before	 kiln	 drying	 influence	 the	 development	 of	 defects,	 namely	
check,	split	and	warp	in	the	form	of	bow,	cup	and	twist.	Since	it	turned	out	that	in	most	cases	a	notable	
amount	 of	 check	 and	 split	was	 already	 created	before	 kiln	 drying	 to	 varying	 extents	 between	 the	
material	groups	(see	table	4),	the	investigation	was	carried	out	based	on	the	increment	of	both	defects	




















Current effect: F(1, 231)=27.645, p=.00000
Effective hypothesis decomposition




























Figure	 11	 shows	 that	 an	 increased	 amount	 of	 check	 was	 developed	 during	 kiln	 drying	 for	 pith-
containing	material	 (P1)	 compared	 to	 boards	without	 pith	 (P0).	 This	 corresponds	with	 the	 results	
obtained	by	Crafford	 (2013),	which	exhibited	a	significant	 increase	of	check	 for	Eucalyptus	grandis	
boards	with	an	increased	proportion	of	pith	material.	The	higher	tendency	to	develop	checks	close	to	
the	pith	can	probably	be	attributed	to	the	unfavourable	properties	of	the	juvenile	wood,	in	particular	
the	 combination	 of	 compressive	 stresses,	 low	 basic	 density	 and	 increased	 longitudinal	 shrinkage,	
causing	the	comparably	weak	corewood	tissue	to	rupture	(Walker	et	al.	1993).		
	






Current effect: F(1, 231)=26.503, p=.00000
Effective hypothesis decomposition























































Current effect: F(1, 231)=4.0026, p=.04660
Effective hypothesis decomposition















































Current effect: F(1, 231)=4.4342, p=.03631
Effective hypothesis decomposition




























wood	 in	 pith-containing	 boards	 (P1).	 Juvenile	 wood	 is	 known	 for	 its	 growth-related	 longitudinal	
compressive	stresses,	which	can	cause	end-splitting	as	well	as	heart-checks	(Walker	et	al.	1993).	
Since	edge	gluing	of	the	green	Eucalyptus	grandis	boards	was	not	found	to	be	a	significant	factor	for	
the	 increment	 of	 split	 during	 kiln	 drying,	 it	 must	 be	 assumed	 that	 it	 could	 not	 contribute	 to	 the	
reduction	of	split	development.	
	










Current effect: F(1, 231)=5.5438, p=.01938
Effective hypothesis decomposition



























Figure	 15	 exhibits	 that	 the	 older	material	 (FJ0)	 showed	 increased	 bow	 for	 boards	 with	 a	 greater	
distance	from	the	pith	(P0),	whereas	no	difference	between	P1	and	P0	boards	for	the	younger,	finger-
jointed	material	(FJ1)	was	obtained.	



















Current effect: F(1, 231)=4.2892, p=.03947
Effective hypothesis decomposition


























kiln	 drying.	 No	 logical	 explanation	 for	 this	 behaviour	 could	 be	 found	 by	 the	 author	 as	 rather	 the	
opposite	was	 expected	 to	 result.	 However,	 it	 has	 to	 be	 noted	 that	 the	magnitude	 of	 the	 average	
difference	between	the	two	groups	(EG0	and	EG1)	was	too	small	to	have	a	practical	impact,	since	a	
variation	of	about	0.6	mm	on	a	board	length	of	2.4	m	can	be	considered	negligible.		





It	was	visually	observed	 that	 the	 lengthwise	deformation	of	FJ0_P0	boards,	which	already	showed	
extensive	bow	before	edge	gluing,	could	largely	be	suppressed	while	bonded	together	in	the	form	of	
panels.	 This	 was	 probably	 due	 to	 the	 alternate	 layout	 with	 respect	 to	 the	 bow	 direction	 of	 the	

















Current effect: F(1, 231)=4.5535, p=.03391
Effective hypothesis decomposition
































Figure	 17	 shows	 that	 the	 edge-bonding	 of	 green	 boards	 in	 general	 had	 a	 positive	 effect	 on	 the	
reduction	of	cup.	This	trend	was	however	significantly	more	pronounced	for	boards	with	a	greater	
distance	from	the	pith	(P0)	than	compared	to	pith-containing	boards	(P1).		























Current effect: F(1, 231)=4.2503, p=.04036
Effective hypothesis decomposition





























The	 two-way	 interaction	 between	 the	 presence	 of	 pith	 and	 green	 edge	 gluing	 was	 found	 to	 be	
statistically	 significant	 at	 a	 significance	 level	of	 5%	 regarding	 the	development	of	 twist,	 showing	a	
p-value	of	0.04.		
It	can	be	observed	in	figure	18	that	edge	gluing	reduced	the	amount	of	twist	for	non-pith	boards	(P0),	
whereas	 it	 had	 no	 significant	 effect	 on	 the	 twist	 development	 of	 pith-containing	 boards	 (P1).	
According	to	Säll	(2002),	twist	development	in	sawn	timber	boards	is	owed	to	spiral	grain,	which	has	



















the	 failure	 to	 comply	 with	 the	 SANS	 1707-1	 (2010)	 requirements	 for	 sawn	 eucalyptus	 structural	
timber.	 Since	 the	 results	 showed	 that	 the	 edge	 gluing	 before	 kiln	 drying	 could	 at	 least	 partially	














assumed	 that	 stress-relief	 grooves	 were	 not	 able	 to	 contribute	 to	 the	 reduction	 of	 the	 above	
mentioned	defects.	Together	with	the	severe	deformation	and	degradation	of	the	visual	properties	
and	assumingly	 also	 strength	properties	of	 the	 lumber	 (see	 figure	10),	 stress-relief	 grooves	would	
probably	not	be	appropriate	for	the	investigated	structural	lumber	product.	
	










amount	 of	 the	 20	 to	 25	 year	 old	 material	 (FJ0)	 could	 comply	 with	 the	 requirements	 for	 sawn	
eucalyptus	timber	(SANS	1707-1	2010)	as	compared	to	the	six	to	eight	year	old,	finger-jointed	material	













likely	 due	 to	 the	 alternate	order	 of	 the	boards	with	 respect	 to	 growth	 ring	orientation	within	 the	


















It	 is	 therefore	 recommended	 that	 further	 research	 is	 conducted	on	edge-glued	Eucalyptus	grandis	
panels	as	an	alternative	product	to	structural	lumber	boards.	This	is	because	only	little	or	virtually	no	
warp	could	be	observed	 in	the	produced	panels	before	they	were	cut	apart	 into	 individual	boards.	
Thus,	testing	regarding	strength	and	stiffness	properties	of	edge-glued	panels	needs	to	be	carried	out,	
as	well	as	an	assessment	of	the	bonding	quality	and	the	recovery	rate	of	panel	products	for	different	
dimensions.	 Furthermore,	 the	 feasibility	 of	 the	 production	 of	 CLT	 on	 the	 basis	 of	 edge-glued	


































































































































































with	 varying	 parameters	 for	 wood	 density,	 moisture	 content,	 adhesive	 spread	 rate	 and	







high	 pressure	 would	 result	 in	 strong	 bondlines.	 The	 best	 results	 in	 the	 shear	 tests	 were	
obtained	for	these	parameters	in	combination	with	higher	density	samples.	
	














- Producers	 of	 green-glued	 Eucalyptus	 grandis	 products	 are	 advised	 to	 employ	 an	 adhesive	
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